A 
Introduction
The chemistry of the upper ocean and the interaction of the ocean with atmospheric CO2 are intimately controlled by the pattern of flow and mixing in near surface waters. Photosynthesis in sunlit surface waters fixes dissolved CO2 into particulate and dissolved organic carbon (DOC). Some of this carbon is exported into the deep by sinking or by entrainment with downwelling water. In oligotrophic subtropical waters the rate of particulate organic carbon and DOC export, which equals the rate of new (nonregenerative) production in the steady state, is limited by the availability of macronutrients NOa and PO4. The export of nutrients from the euphotic zone in the form of dissolved nitrogen and particulate organic nitrogen in sinking organic matter must be replenished to maintain the level of production in surface waters.
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Measurements of oxygen concentrations at the sea surface have provided a new means for estimating net carbon export production [Spitzer and Jenkins, 1989] that does not rely on the trapping of sinking particulate organic matter. Net photosynthesis leaves behind relict oxygen, which either mixes to deeper waters, remains within a supersaturated oxygen maximum zone below the mixed layer until it is ventilated by winter mixing, or evaporates to the atmosphere. The rate of oxygen degassing, which is an indicator of the minimum rate of new production, can be calculated from oxygen supersaturation measurements of surface waters using the kinetics of gas exchange (after correction for temperature-related solubility changes and bubble entrainment). Such measurements [Emerson et al., 1991 [Emerson et al., , 1997 document high rates of carbon export production in the subtropical gyres (-•2.7 moles carbon m -2 yr-1). A helium budget for surface waters [Jenkins, tion is maintained by decomposition of organic matter sinking from above, thereby depleting sea surface concentrations. The simplest potential source of dissolved nutrients is this nutrient-rich subsurface water, but the means by which it is brought to the surface remained somewhat of a mystery. Turbulence within the thermocline mixes substances irreversibly across the density stratification, but typical rates of mixing of 0.1 cm 2 s -• (inferred from microstructure temperature or velocity fluctuations [Caldwell, 1983] and measurements of the spreading of an artificially introduced tracer in the thermocline [Ledwell et al., 1993] ), acting on observed nutrient-depth profiles in this region, result in a nutrient flux that is an order of magnitude smaller than that inferred from tracer estimates of new production. [Williams and Follows, 1998 ]. This suggests that though the coarse-resolution global circulation models are able to resolve large-scale horizontal flow, there is some mechanism for nutrient transport to the oligotrophic euphotic zone that is missing from them.
The magnitude of vertical exchange between subsurface and surface waters inferred from the 3He degassing rate [Jenkins, 1988] is sufficient to account for the observed levels of production. This implies that even though other biological or chemical mechanisms for nutrient supply, such as the active transport of nutrients by diatoms and nitrogen fixation in stratified waters, may make a contribution, the physical transport of subsurface water facilitates a major part of the nutrient replenishment to the surface. Nutrients can also remain concealed in the form of dissolved organic matter (DOM), but DOM generally contains reduced carbon that would be released and oxidized if the dissolved nutrients (dissolved organic nitrogen) were consumed. Hence the supply of nutrients through DOM would not support the same high observed rate of oxygen degassing to the atmosphere. Other mechanisms such as atmospheric deposition are thought to make little contribution to the supply of the nitrate and phosphate in the subtropical gyres and are neglected in this study.
Several observations suggest that mesoscale eddies and fronts (regions of high horizontal gradients in water density) play a significant role in vertical transport and in the supply of nutrients to the euphotic zone. A significant portion of the ocean's kinetic energy resides in the mesoscale (10-100 km length), characterized by the Rossby radius of deformation, a length scale at which the Coriolis and hydrostatic pressure gradient forces come into balance. Eddies typically equilibrate in features of this size and exhibit a doming of isopycnals or a circular front-like structure. Fronts are also continually generated in surface waters by the stretching and deformation of the evolving flow field. They are characterized by an even smaller length scale (typically 
Modeling
We Nitrate is taken to be the limiting nutrient in both locations and is used to limit production in the model. 
where C is the tracer concentration. The normalized tracer c ranges from 0 in the deep ocean to 1 at the ex-posed surface. The value of c is maintained by a depthdependent production rate Pmax exp(-Z/Ze), where ze, the euphotic zone depth, is taken to be 100 m. The depletion of c is modeled as first-order depth-independent decay A c, where A is a decay constant in units of inverse time. Since in the steady state we would desire a value of c = I be maintained at the surface (z=0) we set the production equal to decay so that Pmx ----
where re is the timescale of both production and consumption. Hence, in the absence of flow, Oc/Ot -(e -c), • 0.1 ø or less, since at least four grid points are required to resolve a wavelength. The effect of increasing resolution on the temperature and tracer distributions is greatest when crossing the threshold at which the internal Rossby radius can manifest itself. In the future we would like to use yet higher resolution to confirm this, but for now we believe that the effect of further grid refinement would not be as dramatic as the transi- 
Conclusions
We find that in the pelagic ocean the vertical transport of nutrient-rich waters to the euphotic zone takes place predominantly at mesoscales and frontal scales along isopycnals. It is therefore necessary to resolve the mesoscale and possibly even the frontal scale in order to fully capture the nutrient transport and resulting biological production. The vertical motion associated with the straining and deformation of the flow field and with eddies and fronts is highly underrepresented in coarseresolution ocean models. It is an important mechanism for nutrient supply that is missing in large-scale biogeochemical models of the ocean and could account for much of the observed new production in the oligotrophic subtropical gyres.
The sea surface variability of all properties shows a marked increase when the internal Rossby radius of deformation is resolved. However, there are indications that tracers and processes that respond rapidly to the vertical motion vary on yet smaller scales corresponding to the width of fronts. Tracers such as pC02 and alkalinity that are not as closely tied to the vertical velocity vary on a slightly larger scale (the mesoscale) than that of the nutrient uptake. Sea surface oxygen seems to be an excellent indicator of new production.
Finally, we should keep in mind that the large-scale isopycnal structure of the ocean and its underlying nutrient distribution are important in determining the nature of the small-scale upwelling events through which the bulk of nutrient supply to the subtropical gyres takes place. Hence small changes in the large-scale structure over climatic timescales could lead to substantial changes in the chemistry and biological productivity of the ocean basins.
